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ABSTRACT
The deterioration of concrete bridge decks presents a maintenance challenge for 
most transportation agencies and bridge owners. This problem increases during the freeze-
thaw cycle. De-icing salts can accelerate the deterioration process. Corrosion of steel 
reinforcement in reinforced concrete structures is considered a dominant factor causing 
premature deterioration, especially those structures located in a coastal environment. The 
resulting corrosion product produced has several times the volume of steel, resulting in 
cracking of the concrete cover if the corrosion is significant. In this study, a bridge deck 
specimen was subjected to an artificial environment to accelerate the corrosion process. 
Prior to this step, visual inspection, Ground Penetrating Radar (GPR), Infrared 
Thermography (IR), Impact Icho (IE), and Half- Cell Potential (HCP) were performed on 
the bridge deck specimen by Bridge Diagnostics, Inc. (BDI) and  Infrasense. The results of 
GPR, IR and IE indicated that the deck was in good condition while the HCP measurements 
indicated little to no active corrosion activity. During the accelerated corrosion process, 
corrosion activity and corrosion rate were estimated with half-cell potential and linear 
polarization resistance measurements. Impact-echo and ultra-sonic pulse velocity tests 
were conducted periodically to assess concrete damage. Corrosion losses required to 
initiate cracks were estimated. At the end of the test period, results show steel corrosion 
occurred, but concrete damage was not detected or visually observed. 
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CHAPTER 1 
INTRODUCTION 
1.1  GENERAL
Reinforced concrete is one of the most economical and durable construction 
materials. Defects may occur for a variety of reasons such as improper construction 
methods and environmental conditions. Corrosion of steel reinforcement is a major cause 
of early serviceability failure in reinforced concrete. The main cause of corrosion is 
chloride penetration due to the use of de-icing salts. In the early 1970s corrosion in concrete 
bridge decks became widespread. As of 2007, there were 599,766 bridges in the United 
States and 72,524 bridges are classified as structurally deficient [1]. The estimated annual 
cost for highway bridge deck maintenance due to corrosion is about $8.3 billion and the 
indirect cost due to traffic delays during repair and rehabilitation is estimated to be ten 
times this value [2]. The direct corrosion cost in the U.S. was $276 billion in 1998 while 
in 2013 the annual corrosion cost is estimated to be above $1 trillion [3].  
 Serviceability and durability of concrete structures are affected by corrosion. 
Corrosion affects the reinforcement by reducing the cross-section of the rebars and 
developing corrosion products [4]. The rust or corrosion product has seven times the 
volume of steel, without its beneficial mechanical properties [5]. The expansion of the rust 
increases the stress on the concrete leading to cracks in the cover and spalling [6]. Spalling 
allows more chlorides to penetrate the reinforcement; thus, the integrity of both steel and 
concrete is weakened, leading to structural failure. 
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The main cause of corrosion is chloride penetration from the surrounding 
environment and carbonation of concrete. Concrete has a high pH level at the time of 
construction (pH > 12) due to the reaction between cement and water to obtain calcium 
hydroxide Ca(OH)₂. The Ca(OH)₂ forms a passive protective oxide film to protect the steel 
reinforcement from corrosion [7]. Due to a chemical reaction between carbon dioxide from 
the atmosphere and calcium hydroxide from cement hydration, Ca(OH)₂ is dissolved and 
turns to stable calcium carbonate and water [8]. 
Ca (OH) ₂ +CO₂   →    CaCO₃+ H₂O                                                                              (1.1) 
The precipitation of calcium carbonate on the pore wall inside the concrete causes 
the concrete to increase in density; the water either evaporates or is used in the chemical 
reaction continuously. When calcium hydroxide is changed to calcium carbonate, pH is 
gradually changed from a strong alkali to neutral, near the surface, where carbon gas and 
water infiltrates easily [7]. As a result, the protective passive film of steel reinforcement 
breaks down. 
 Corrosion of steel reinforcement due to the chloride concentration is an 
electrochemical process that requires fundamental conditions to form the corrosion cell [9]: 
• An anode, the electron donor 
• A cathode, the electron acceptor 
• A medium for ionic movement 
• An electrical connection between the cathode and anode for the electronic 
movement 
If any of the above conditions are unavailable, the corrosion processes cannot 
occur. The oxidation reaction happens at the anode to release electrons. 
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Fe →   Fe⁺2 + 2e⁻                                                                                                            (1.2) 
These electrons move through the electrical connection to the cathode to react with 
the water and oxygen to form the hydroxyl ions (OH⁻). 
½ O₂ +H₂O + 2e⁻ → 2OH⁻                                                                                                (1.3) 
The released metal ions move through the electrolyte and combine with the chloride 
ion according to the following equations. 
Fe⁺² + 2 Cl   → FeCl₂                                                                                                      (1.4) 
FeCl₂ + 2H₂O → Fe (OH)₂ + 2HCl                                                                                 (1.5) 
During oxidation (release of metal ions and electrons), weight loss occurs at the 
anode and corrosion occurs.  
Jaquez [10] discussed many factors which may affect the corrosion rate such as: 
• Temperature: The temperature has a direct effect on corrosion rate as a chemical 
reaction; the corrosion rate increases with increasing temperature within the normal 
temperature range.  
• Oxygen supply: When the oxygen supply is high, the corrosion rate increases. The 
presence of oxygen in concrete depends on the concrete porosity, moisture, and 
concrete cover thickness. 
• Chloride concentration: The corrosion rate increases when the amount of chloride 
increases in the pore water that is in contact with steel. 
• Alkalinity: When the pH value of the concrete decreases, the corrosion rate 
increases. 
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• Resistivity: The resistivity of concrete affects the electric current between the 
cathodic and anodic area. The lower the resistivity of concrete, the higher the 
corrosion rate. 
• Rust layer formation: The rust formation influences the corrosion rate of the steel 
rebar. The rate is higher in the beginning and reduced later because of the 
accumulation of corrosion product on the steel surface.  
Ahmad [11]  listed internal factors that affect corrosion such as: 
• Cement composition: The cement provides protection to the steel against corrosion 
by providing a high pH level due to the presence of Ca (OH)₂ in the hydration 
product. 
• Impurities in aggregates: Aggregates with higher chloride content increase 
corrosion. 
• Impurities in the water: The water that was used in mixing and curing the concrete 
may have unacceptably high chloride content. 
• Admixtures: Admixtures added to the concrete to accelerate the hydration may 
increase the corrosion by increasing chlorides in the concrete. 
• Water to cement ratio: The permeability of concrete, which is a function of water/ 
cement ratio, affects the corrosion. Low water/cement ratio decreases the 
permeability which leads to reduced chloride penetration and oxygen diffusion. 
• Concrete cover: Cover depth over reinforcing steel affects corrosion due to 
carbonation, the ingress of carbon dioxide into the concrete, and chloride 
penetration. 
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There are a number of corrosion protection methods that have been developed to 
extend the service life of bridge decks. For example, epoxy-coating of steel has been 
employed to prevent oxygen, chlorides, and moisture from reaching the steel. Decreasing 
the permeability of concrete and increasing the concrete cover increases the time to 
corrosion initiation, and the entrance of chlorides to the steel level will be slowed.  Another 
method is to use chemical admixtures referred to as corrosion inhibitors [12]. 
 Due to the expansion of corrosion products the surrounding concrete is subjected 
to tensile stress. When this tensile stress reaches the tensile strength of concrete a crack 
will appear and propagate causing cover spalling or delamination. Delamination is a type 
of defect resulting from corrosion of the rebar leading to the development of fracture planes 
above or below the corroded rebar [13]. 
Another cause of delamination below the top concrete layer occurs during the 
hardening process when the tensile stress of the hardening face concrete exceeds the tensile 
strength of the concrete. It happens beneath the top layer of concrete because the top dries 
more quickly, and the water and/or air in the second layer migrates toward the surface, but 
the finished layer prevents it. When the concrete hardens, subsurface voids develop and 
create weakened zones that can be separated during use [14, 15]. As a result, water, oxygen, 
and other chemicals can easily reach the steel due to delamination. These factors affect the 
structure’s serviceability as the rate of corrosion will increase rapidly and lead to loss of 
the steel and concrete bond. This process reduces the load carrying capacity of the structure 
[16].  
It is important to monitor and control reinforcement corrosion to prevent premature 
failure of reinforced concrete structures. A wide range of techniques may be used to 
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monitor and detect damage such as Ground Penetrating Radar (GPR), Impact-Echo (IE), 
Infrared Thermography (IR), and Ultrasonic-Pulse Velocity (UPV). 
1.2 THESIS OBJECTIVE 
The objective of this work is to induce realistic damage to a bridge deck specimen 
(removed from a bridge in South Carolina) by accelerating the corrosion process and to 
investigate the feasibility of using nondestructive evaluation methods such as impact echo 
and ultrasonic pulse velocity to detect concrete damage caused by corrosion of the 
reinforcing steel.     
1.3   THESIS ORGANIZATION 
The following chapters present background information, research methodology and 
findings. Chapter 2 provides information and review of literature related to nondestructive 
evaluation techniques used for a variety of applications such as bridge decks. Chapter 3 
provides the specimen preparation, experimental work, and test methodology. Chapter 4 
presents the results and conclusions of this work.  
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW OF 
NONDESTRUCTIVE EVALUATION TECHNIQUES
The deterioration of concrete bridge decks presents a maintenance challenge for 
most transportation agencies and bridge owners. The most common methods for bridge 
deck inspection include visual inspection, chain dragging, and chloride sampling. These 
methods are effective but time-consuming, require traffic control, and involve a large 
number of personnel. In contrast, nondestructive evaluation (NDE) techniques are rapid, 
generally more safe, and are reasonably accurate. 
ACI 228.2R-98 [17] reported on nondestructive test methods to provide guidance 
in planning, conducting, and interpreting the results of nondestructive evaluations. Many 
types of nondestructive testing methods were summarized: visual inspection, pulse 
velocity, ultrasonic-echo, impact-echo, spectral analysis of surface waves, impulse 
response, sonic-echo, sonic logging, parallel seismic, direct transmission radiometry, 
backscatter transmission, radiography, cover meters, half-cell potential, concrete 
resistivity, linear polarization resistance, and infrared thermography. Ground penetrating 
radar, infrared thermography, impact-echo and ultra-sonic pulse velocity are described 
below. 
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2.1 GROUND PENETRATING RADAR (GPR) 
GPR  is a nondestructive evaluation technique used for a variety of applications 
such as bridge decks and other transportation infrastructure [18]. It is used to detect 
concrete damage, rebar depth [19, 20], and to evaluate the condition of asphalt overlaid 
bridge decks [21]. Many bridge decks have been evaluated using GPR with high-frequency 
antennas. GPR is an electromagnetic reflection method which operates by transmitting 
short pulses of electromagnetic energy into the structure under investigation. If there is a 
change or discontinuity in the propagation medium such as air/concrete or asphalt/concrete, 
these pulses are reflected back to the antenna. The amplitude of the reflected waves 
depends on the difference between the dielectric properties of the material [22]; the 
reflected energy is then recorded as radar signals and analyzed to indicate structural 
deterioration. These signals contain a record of the properties and thicknesses of the layers 
within the deck [23]. Figure 2.1 shows a schematic GPR signal; the test method and 
equipment used for this technique is described in ASTM D 6087 [24]. 
Large variations in dielectric constant and attenuation of the GPR signal in concrete 
can indicate deterioration of the bridge deck. The dielectric constant is affected by moisture 
and chloride content. Variations can also indicate advanced stages of overlay debonding. 
The attenuation (loss of signal strength) of the signal as measured from the top rebar 
reflection and/or the bottom of the deck may be used as a measure of concrete 
delamination; because delaminated concrete causes the GPR signal to dissipate and lose 
strength as it travels through the deck and reflects from the rebar and the bottom [25]. 
Moreover, areas with higher chloride ion concentration levels have lower reflection 
amplitudes in the GPR data, indicating a higher likelihood of deterioration. 
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Different types of antennae emit and record different ranges of frequencies. A high-
frequency antenna provides high-resolution data with low penetration depth while a low-
frequency antenna provides low resolution with greater penetration depth [19]. For bridge 
inspection, an antenna with frequency more than 1 GHz is generally recommended. 
   GPR data is typically collected in the direction perpendicular to the upper rebar 
orientation.  Thus the data is collected in the direction of traffic, which has an advantage 
in that lane closure or traffic disruption is not generally required [21]. A threshold must be 
selected; areas of the bridge deck with weak reflections indicate the presence of 
deterioration. 
High-speed ground penetrating radar with multi-frequency antennae is one 
attractive method for rapid deck evaluation because there is no need for traffic closure. 
This type of sensor is often used in combination with infrared sensing as the two means of 
sensing can provide complementary information.  
 
Figure 2.1 GPR signal for concrete bridge deck [23, 53] 
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2.2 INFRARED THERMOGRAPHY (IR) 
IR is also a promising NDT method for bridge inspection. This technique consists 
of a high-resolution digital camera that can be held on an elevated platform attached to the 
truck or survey vehicle to detect delamination and de-bonded areas on a bridge deck with 
no traffic disruption. IR is sensitive to the temperature differences between concrete 
surfaces, where the delamination interrupts the heat transfer through the concrete. Infrared 
thermography transforms the thermal energy, emitted by objects in the infrared band of the 
electromagnetic spectrum, into a visible image [26]. The test method and equipment used 
for this technique is described in ASTM D 4788-03 [27]. 
 Infrared sensing is a non-contact method and therefore offers promise for rapid 
bridge deck evaluation and is well suited to detection of delamination defects. Many factors 
affect the IR measurement such as emissivity (which depends on the amount of energy 
emitted from the material), moisture content, and environmental conditions. Farrag et al. 
[28] conducted research in the United Arab Emirates, which is a region with high 
temperature and humidity, using sixteen (4 ft.× 4 ft. × 8 in. with steel reinforcement #4 @ 
5 in.) (1.22 m× 1.22 m× 20 cm with steel reinforcement # 12 mm @12.5 cm)  slabs of cast-
in-place concrete. The objective was to study the effect of various concrete mixtures on 
infrared thermography and to investigate the capability of IR to detect different sizes and 
depths of defects. The study included sixteen cast in place slabs with different concrete 
mixes: normal weight concrete (NWC), lightweight concrete (LWC), high strength 
concrete (HSC), and self-compacting concrete (SCC). Four slabs from each mix type with 
different size and depth of defects were investigated. The highest detection possible among 
the concrete mixes inevitably came from the high-strength concrete, and the LWC had low 
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defect detection while NWC and SCC fell between these. Similarly, the higher the density 
and thermal conductivity coefficient of the concrete, the more accurate the defect detection 
was when using IR. 
One of the potential drawbacks of infrared sensing is that shadows and reflections 
can lead to incorrect interpretation. To address this challenge, a system based on Infrared 
Ultra-Time Domain (IR-UTD) has been developed to detect subsurface damage in concrete 
[29]. The system collects time-lapse measurements that reveal subsurface damage caused 
by corrosion, debonding, and other damage that is not detectable through visual inspection. 
This system is pole mounted so that thermal images can be obtained without access to the 
inspected area and without affecting traffic. This approach minimizes the impact of 
environmental conditions and can capture data over a period of several hours.  
2.3 IMPACT- ECHO (IE) 
IE is an NDE method used to detect flaws and/or to estimate the thickness of 
concrete structures such as bridge decks, slabs, and pavement. In this method, an impact 
source generates stress waves which propagate through a structure and reflect at any change 
such as flaws and voids.  The stress waves are monitored with a transducer attached to the 
same surface as shown schematically in Figure 2.2. Stress waves reflect between the 
surface and existing flaw to create a resonant condition that can be seen in frequency 
analysis of the waveforms. According to ASTM C1383 [30], two procedures are covered 
by this method: a) procedure A (P-wave speed measurement) and b) procedure B (IE test) 
to measure the frequency at which the P-wave generated by a short duration, point impact 
is reflected between the parallel (opposite) surface of a plate. The thickness can be 
calculated from the measured frequency and the P-wave speed obtained from procedure A. 
 12 
 
The thickness can be estimated from the frequency of reflection using the ASTM C 1383 
[30] equation: 
𝑇 =
0.96 𝐶𝑝
2𝑓
                                                                                                                       (2.1) 
where 𝑇 is the slab thickness; 𝐶𝑝 is the wave velocity, and 𝑓 is the frequency of the p-wave 
thickness mode of the plate obtained from the amplitude spectrum. 
IE can be used to detect areas of localized damage, crack propagation, and stiffness 
loss [31]. IE is a widely used method for rapid assessment of bridge decks because access 
to only one surface of the structure is needed. If the deck is in good condition, the input 
energy is reflected back from the bottom of the concrete deck with low frequency, while 
in a flawed area within the deck (crack, voids, delamination) the energy will be reflected 
from the concrete-air interface created by debonding. Therefore, the amplitude spectrum 
will show many frequency peaks corresponding to the frequency from de-bonding at a 
depth less than that of the deck [32]. 
 
Figure 2.2 IE method 
2.4 ULTRA-SONIC PULSE VELOCITY (UPV) 
UPV is a nondestructive technique used to measure the wave speed through a 
material. It is used to assess cracks, voids, and other damage [33] and to estimate the 
mechanical properties such as modulus of elasticity and Poisson’s ratio [34]. This 
technique can be applied to different materials; in concrete, for example, it is used to detect 
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the presence of cracks. UPV requires access to both sides of the material and a coupling 
gel is used. 
An experimental study was performed by Petro and Kim [34] to evaluate the 
delaminations in a concrete slab using the UPV method. Two slab specimens with artificial 
delamination were tested. The delaminations were made from 6-mm polystyrene boards 
and placed at different depths in the slab. The UPV test was conducted at 84 points along 
the slab with one inch intervals and the transmission time was recorded. Results showed 
that the transit time was increased over the delaminated areas, reaching maximum values 
at the center of delamination.   
Concrete properties can vary depending on the method of construction, loading, 
and environmental conditions. To better assess concrete deterioration, monitoring 
strategies should be established to increase the service life of concrete. The UPV method 
plays an important role to monitor the density and homogeneity of the concrete and 
provides information about the strength evolution by detecting defects such as voids, 
cracks, and internal flaws [35]. 
The UPV method has been used in concrete monitoring and inspection by 
measuring basic parameters for determining concrete quality. Longitudinal elastic stress 
wave pulses are generated by the electro-acoustical transducer with direct contact with the 
surface under the test; the waves travel through the concrete and are received by another 
transducer after conversion into electrical energy. The following equation is used to 
calculate the concrete wave velocity:  
𝑉 =  
𝐿
𝑡
                                                                                                                               (2.2) 
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 where 𝑉 is the concrete velocity; L is the distance between the transducers, and t is the 
time required for the pulse to transmit and be received by the transducer. 
A correlation between UPV and concrete strength has been studied by Lorenzi et 
al. [35] to understand how concrete parameters influence UPV. Many concrete cylinder 
specimens with five different characteristics such as water/cement ratio, aggregate type, 
age, curing conditions, and air content have been investigated. Strength testing was done 
after each UPV test. The results show that it is possible to understand how test condition 
variations may affect the UPV outputs and there was good correlation between concrete 
strength and UPV. According to ASTM C597 [36] the P-wave velocity is related to 
concrete parameters as follows: 
∁𝑝 = √
E (1−ѵ)
(1+ѵ)(1−2ѵ)ρ
                                                                                                          (2.3) 
where ∁𝑝 is the longitudinal pulse velocity; E is the modulus of elasticity; ѵ is Poisson’s 
ratio, and ρ is material density. 
The propagation speed velocity, ∁𝑝, in concrete may range from (11,483 to 14,764 
ft/s) (3,500 to 4,500 m/s) depending on the concrete condition. ∁𝑝 variation within the 
concrete structure may be used to assess the quality of concrete. According to Gassman 
and Tawhed [31], the variation of velocity measurement across the structure by more than 
328 ft/s (100 m/s) would indicate concrete deterioration. Destructive testing and coring 
may be required for a more accurate assessment of the concrete quality. 
Depending on the deterioration type of concern different technologies may be 
appropriate. When delamination is of greatest concern, IE and IR are often the most 
recommended. When corrosion is the greatest concern, electrical resistivity or half-cell 
potential are generally recommended due to their simplicity, low cost, and relative speed. 
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The commonly used approaches for bridge deck inspection have narrowed to a few widely 
used methods such as GPR, IR, and IE. Many researchers have studied different 
technologies that can effectively detect deterioration in concrete bridge decks and compare 
their efficiency and accuracy. Robison and Tanner [37] compared the safety, efficiency, 
and accuracy of Wyoming Department of Transportation (WYDOT) traditional bridge 
deck test methods (HCP and chain dragging) with nondestructive test methods (GPR, IE, 
and IR) on three different bridges in Wyoming. The combination of GPR and IE methods 
was recommended in this study because it provided an accurate prediction of damage and 
corrosion on decks. 
Gucunski et al. [38] conducted a project in Haymarket, Virginia with four 
objectives: a) to identify and characterize NDT technologies that can effectively detect 
deterioration in concrete bridge decks, b) assess the strengths and limitations of each NDT 
technology through accuracy, precision, ease of use, speed, and cost; c) to recommend 
procedures and protocols for application of the technologies; and d) to summarize the 
information gathered on each technology that would be helpful for an electronic repository. 
Ten teams participated in validation testing of NDT technologies. GPR, IE, ultrasonic 
surface waves, impulse response, HCP, electrical resistivity, galvanostatic pulse, IR, 
ultrasonic pulse echo, chain dragging, and hammer sounding were the represented 
technologies. Corrosion, delamination, vertical cracking and concrete degradation were all 
investigated. However, a focus on detection of corrosion and delamination was established. 
The validation program estimated of both laboratory and field validation. While the top 
technologies were determined to be GPR, IE, and ultrasonic surface waves, no single 
technology showed potential to evaluate all deterioration types. 
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 Sneed et al. [32] studied eleven bridge decks in Missouri for determining the most 
cost-effective, efficient, and accurate nondestructive technique for evaluating the condition 
of MoDOT bridge decks. The bridge decks were studied through visual inspection, ground-
coupled ground penetrating radar, Portable Seismic Property Analyzer, core extractions, 
and chloride ion concentration measurements. Three of the bridges were selected to 
undergo rehabilitation via hydro-demolition. As expected, although visual inspection was 
accurate for surface level deterioration, it could not account for the entirety of the damage 
and corrosion of the embedded reinforcement without further testing. The authors 
recommended the use of GPR to evaluate the condition of bridge decks because it is easy 
to use and more accurate when compared with the core extraction results, whereas a PSPA 
has a slow data collection speed, requires expertise, and should be combined with other 
NDT methods. The biggest challenge with GPR, however, was to determine the threshold 
values without having prior knowledge of the control data. 
 
 
 
 
 
  
 17 
 
CHAPTER 3 
EXPERIMENTAL WORK
3.1 SPECIMEN PREPARATION 
Since the corrosion process takes years to affect the performance of the reinforced 
concrete structure it is important to perform an accelerated investigation. A bridge deck 
specimen from SCDOT was used for this study. The specimen was removed from a bridge 
in South Carolina. The bridge was built in 1953 and it is now out of service. The slab is 15 
feet long, 5 feet wide and 8 inches thick. The asphalt layer overlay was removed as shown 
in Figure 3.1. Scanning using a rebar locator was done to indicate the rebar position (Figure 
3.2). Then, the specimen was moved outside the lab for preliminary testing by a vendor. 
 
Figure 3.1 Removing the asphalt layer 
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Figure 3.2 Rebar positions 
3.2 PRELIMINARY TESTING 
Bridge Diagnostics, Inc. (BDI) in collaboration with Infrasense performed visual 
inspection, GPR, IR, IE, and HCP on the bridge deck specimen after painting a 1ft. ×1ft. 
testing grid. For the GPR scanning, a 2.6 GHz GSSI antenna was used to send 
electromagnetic waves through the concrete deck as shown in Figure 3.3. The infrared 
thermography testing was carried out using a 640 x 480 pixel FLIR Systems Model A-
655sc infrared camera and a high-resolution visual camera as shown in Figure 3.4.  For the 
IE testing, Olson Instruments NDE-360 unit was used on the testing grid (Figure 3.5 ) while 
half cell potential testing was conducted with a James Instruments Cor-Map II HCP 
device (Figure 3.6). GPR, IR and IE results indicated that the deck was in good condition 
while the HCP measurements indicated little to no active corrosion activity. The scanning 
details, analysis, and results are available in Appendix A.  
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Figure 3.3 GPR scanning [53] 
 
Figure 3.4 IR scanning [53] 
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Figure 3.5 IE testing [53] 
 
Figure 3.6 HCP testing [53] 
3.3 ACCELERATED CORROSION FOR A BRIDGE DECK SPECIMEN 
After the preliminary assessment, an accelerated test was conducted to corrode 
eight different areas. Eight concrete cores were drilled (4 inches in diameter and 6 inches 
in depth) to access the rebar as shown in Figure 3.7. The deck was set vertically to have 
access for both sides, which is needed for the UPV test (Figure 3.8). Wet/dry cycles were 
conducted (three days wet/four days dry) of 3% NaCl Chloride solution to accelerate the 
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corrosion process. To monitor the corrosion process, HCP and linear polarization resistance 
measurements were recorded at the end of the wet period to ensure better concrete 
conductivity. The objective of these measurements was to provide insight related to the 
corrosion process of the reinforcement at the selected locations. 
 
Figure 3.7 Extraction of cores 
.  
Figure 3.8 Vertical bridge deck with eight core locations 
3.3.1 HALF-CELL POTENTIAL (HCP)  
The HCP method includes measuring the potential of the embedded steel rebar 
relative to the known potential of another electrodes known as a reference electrodes which 
is placed on the concrete surface. The HCP measurements were conducted according to 
ASTM C876 [39] to determine the likelihood of corrosion activity.  
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The HCP measurement system includes [10] : 
• A half-cell which consists of a copper rod immersed in a saturated solution of 
copper sulfate dissolved in distilled water. The rod is placed in a rigid container 
made from a dielectric material which does not react with the copper and the 
solution.  
• An electrical junction device which consists of a sponge wetted with a contact 
solution to provide low electrical continuity between the concrete surface and the 
half cell.  
• A voltmeter which is a small device, battery operated, as in Figure 3.9 and which 
has a ± 3% accuracy at the voltage range and a potential of less than 0.02 Volt. The 
reinforcing bar is connected to the positive terminal of the voltmeter, and the 
negative terminal is connected to the reference electrode. 
 
 
Figure 3.9 HCP apparatus: (a) half-cell and (b) voltmeter 
3.3.2 LINEAR POLARIZATION RESISTANCE (LPR)  
Because of widespread corrosion in steel reinforcement there has been a demand to 
develop non-destructive techniques for accurate assessment of condition. LPR is one of the 
techniques that has been developed to address this issue. LPR measurements were 
performed using a potentiostat/galvanostat system (Model 263A, Princeton Applied 
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Research, New Jersey, USA). The working electrode is connected to the steel 
reinforcement; Cu/CuSO4 (reference electrode) is then applied to the concrete surface to 
measure the corrosion potential with a copper plate as a counter electrode.  
A copper plate was immersed in the water inside the opening to act as a counter 
electrode. The reference electrode was placed about 2 inches from the rebar level and 
attached with a sponge wetted with a contact solution to provide low electrical continuity 
between the concrete surface and the half cell. According to ASTM C876 [39], a mixture 
consisting of 95 ml of the commercially available wetting agent with 5 gallons of potable 
water can be used as a contact solution. The method is based on polarizing the 
reinforcement cathodically and anodically by ± 20 mV to obtain the potential-current 
curve. The polarization resistance, 𝑅𝑝, is the slope of the curve at current = 0 [12, 40, 41].  
𝑅𝑝 =
∆𝐸
∆𝐼
                                                                                                                          (3.1) 
where ΔE is the concrete potential in volts and ΔI is the concrete current in amperes. 𝑅𝑝 
can be used to calculate the corrosion current (𝐼corr) and corrosion current density (i corr). 
These parameters are used to estimate the corrosion rate (𝐶𝑅). 
3.4 ULTRA-SONIC PULSE VELOCITY (UPV)  
The UPV test was conducted according to ASTM C597 [36] using PUNDIT 
(Portable Ultrasonic Nondestructive Indicating Tester). PUNDIT Plus is a portable device 
for field testing and can be used for many testing methods by switching the instrument 
modes as shown in Figure 3.10. The pulse mode creates the ultrasonic pulse using 50-mm 
diameter transducers. The deck was placed vertically to access both sides so that the two 
transducers were located opposite each other. Coupling grease was applied between the 
deck surface and the transducers to reduce signal losses [34]. This test is nondestructive, 
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and it is possible to repeat it at the same point at many times to determine changes of UPV 
over time [42]. The test was conducted every two months throughout the 21 testing grid 
points along the deck. The testing grid points were selected to be adjacent to the accelerated 
corrosion locations where damage is expected to occur. Points 1, 3, 5, 7, 15, 17, 19, and 21 
are two inches above the holes filled with the chloride solution. Figure 3.11 shows the 
testing grid points. Figure 3.12 illustrates different conditions while testing an element [42]. 
At the top, the path between the two transducers is through solid concrete so the travel time 
is the shortest. Below that is the case where there is an area of porous concrete; the pulse 
is scattered as it travels through this area resulting in longer pulse travel time and reduction 
in the pulse velocity. In the next case, the direct travel path is near the edge of a crack, so 
the travel path is longer than the distance between the transducers and the pulse velocity is 
lower than it would be through sound concrete. In the last case, the pulse is reflected by 
the crack and the travel time cannot be measured. 
 
Figure 3.10 Pundit device 
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Figure 3.11 UPV and IE testing grid points 
 
 
Figure 3.12 Wave behavior according to the element condition [42] 
3.5 IMPACT-ECHO (IE)  
The IE  test was conducted at 21 testing grid points along the slab to measure the 
resonant frequency associated with the thickness. The change in the thickness frequency is 
the key for detecting the presence of a flaw [43].  The peak of the reflected wave from the 
bottom of the deck occurs at a lower frequency because the path length increases. The test 
was performed using Data Physics SignalCalc ACE Dynamic Signal Analyzer (Figure 
3.13). SignalCalc ACE is a small portable board that can be connected to the computer to 
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form a powerful and comprehensive signal analyzer with a wide range of measurements in 
the time, frequency, and amplitude domain [44]. An accelerometer with a frequency range 
of (0-10 Khz) was connected to the SignalCalc board, and a stress wave was generated 
using a ball bearing with 0.472 inch (11.98 mm) diameter. The wave traveled through the 
slab thickness and reflected back to be captured by the accelerometer. The time required 
for the wave to travel and reflect was recorded. Fast Fourier transform, one of the 
fundamentals of digital signal processing, is used to convert time domain signals to the 
frequency domain [44]. The recorded signal is displayed in both time and frequency domains.   
 
Figure 3.13 IE test apparatus 
 
  . 
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CHAPTER 4 
RESULTS AND DISCUSSION
4.1 ACCELERATED CORROSION TEST RESULTS OF THE DECK SPECIMEN 
 HCP measurements were taken before starting the conditioning period. These 
measurements indicate a passive state of reinforcement. Then, the NaCl solution was 
placed in the openings and half-cell potential measurements were recorded weekly starting 
from December 16, 2016. Linear polarization resistance (Rp) measurements were started 
in February 2017 (after six weeks of conditioning) due to a system calibration issue. 
Figures 4.1- 4.8 show half-cell potential and linear polarization resistance (Rp) as functions 
of time. A drop in both potential and resistance indicates a sign of corrosion [12, 40]. 
It can be noted that after about 45 days of exposure to chlorides, HCP values were 
less than -0.35V (indicated as the corrosion threshold) at all eight locations. At the end of 
the wet/dry cycles (after nine months of conditioning), HCP readings were less than -0.50 
V which indicates that severe corrosion damage was reached at all eight locations.  
The corrosion potential measurement is a simple method to give an indication of 
the probability of corrosion of steel reinforcement and it is widely used to assess corrosion 
in structures. Table 4.1 shows the probability of corrosion based on HCP readings as 
described in ASTM C 876 [39]. 
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Table 4.1 ASTM C 876 corrosion for Cu-CuSO4 reference electrode 
Potential Against Cu-CuSO4 Electrode Corrosion Condition 
> -200 mV Low risk (10% probability of corrosion) 
-200 to -350 mV Intermediate corrosion rate 
< -350 mV 90% probability of corrosion 
<-500 mV Severe corrosion damage 
 
The polarization resistance, 𝑅𝑝, can be defined as the ratio between applied voltage 
and the step of current when the metal is slightly polarized [41]. Due to the instantaneous 
nature of 𝑅𝑝 measurements, the trend in the data set is more important than the 
measurement taken on a particular day. Therefore, a statistical method was used to exclude 
outliers with high values and outliers with low values and the data with a trend line is 
presented in Figures 4.1- 4.8. The trend line for 𝑅𝑝 values at location 1 shows a different 
trend because this location has a problem with leakage and the sealing material was reached 
to the reinforcing bar so there was difficulty attaching the wire clip to the reinforcing bar 
to record the measurement. After 45-90 days of the wet/dry cycle, it can be seen that the 
𝑅𝑝 values agree with HCP values as they both dropped at all eight locations except location 
1.  
 
Figure 4.1 Electrochemical measurements for location 1 
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Figure 4.2 Electrochemical measurements for location 2 
 
 
Figure 4.3 Electrochemical measurements for location 3 
 
 
Figure 4.4 Electrochemical measurements for location 4 
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Figure 4.5 Electrochemical measurements for location 5 
 
 
Figure 4.6 Electrochemical measurements for location 6 
 
 
Figure 4.7 Electrochemical measurements for location 7 
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Figure 4.8 Electrochemical measurements for location 8 
4.2 CORROSION RATE 
LPR measurements give an indication of corrosion rate by measuring the 
polarization resistance (𝑅𝑝). 𝑅𝑝 can be used to calculate corrosion current and corrosion 
current density and subsequently enable more detailed assessment of the structural 
condition. 𝑅𝑝 results were used to estimate the corrosion rate in the reinforcement steel. 
To calculate the corrosion rate, the surface area of the steel that is being polarized must be 
calculated. For this study, the polarized surface area is assumed to be equal to the perimeter 
of the steel bar multiplied by four inches (this is equal to the depth of the cored location 
where the NaCl solution was applied). The corrosion rate can be calculated as: 
𝑅𝑝 =  
B
I corr
                                                                                                                      (4.1) 
where Ιcorr : corrosion current; B:  Stern-Geary constant.  (B= 25 mV for active steel, and 
50 mV for passive steel [33, 45, 46]. To determine the corrosion current density, 𝑖 corr:  
 𝑖 corr =  
𝛪𝑐𝑜𝑟𝑟
 𝐴𝑝
                                                                                                                 (4.2) 
where 𝑖 corr is the corrosion current density in μA/cm² and 𝐴𝑝  is the surface area of the 
polarized steel. The reinforcing bar diameter is 0.875 inches (22.225 mm), so the assumed 
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polarized area is equal to 10.98 in² (70.9 cm²) (assuming a uniform corrosion around the 
rebar). The corrosion rate was estimated using Equation 4.3 as: 
𝐶𝑅= 11.6 𝑖 corr  [12, 41]                                                                                                  (4.3) 
where 𝐶𝑅 is the corrosion rate in μm/year; 11.6 is the conversion factor of μA/cm² into 
μm/year. 
The average corrosion current density and average corrosion rate of the reinforcing 
bar at the eight locations are presented in Table 4.2;  Table 4.3 shows the range of corrosion 
rate related to corrosion level. 
Table 4.2 Corrosion current density and corrosion rate for test locations 
location Average ί corr (μA/ cm²) Average  CR (μm/year) 
1 1.20 13.9 
2 1.38 16.1 
3 1.37 15.9 
4 0.98 11.4 
5 1.01 11.8 
6 1.06 12.3 
7 1.02 11.8 
8 1.18 13.7 
Total average 1.15 13.4 
 
Table 4.3 Ranges of corrosion rate values related to significance in terms                          
of service life [41] 
Corrosion Rate (mm/year) Corrosion Level 
≤ 0.001 Negligible 
0.001-0.005 Low 
           0.005-0.010 Moderate 
              > 0.01 High 
 
From Table 4.2 and Table 4.3, it can be noticed that the corrosion rate for all 
locations is within a high range and high level of corrosion. These results agree with the 
HCP results where HCP measurements indicate a high probability of corrosion as the 
potential is more negative than -0.5 Volts as discussed earlier. 
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4.3 CORROSION LOSS AND CRACK INITIATION 
Predicting the remaining service life of reinforced concrete structures is becoming 
increasingly important as structures age. Structural repair and rehabilitation decisions may 
depend on the estimated remaining service life. Many proposed approaches are available 
in the literature for prediction of the remaining service life based on corrosion damage. 
ACI 365.1R [47] reported information and methods for service-life prediction of new and 
existing concrete structures. Elmaaddawy and Soudki [48] defined the first surface crack 
as the end of functional service life.  Measurements of the corrosion current density of steel 
reinforcement have been used in estimating the remaining service life of reinforced 
concrete. The reduction in steel cross-sectional area due to corrosion damage is an 
important factor for predicting the remaining life and estimating surface crack initiation. 
The increased volume of the corrosion product causes tensile stresses in the concrete 
surrounding the rebar leading to concrete cracking and spalling. The corrosion loss required 
to crack concrete depends on several factors. Many researchers have studied the corrosion 
loss required to crack concrete [12, 49]. Elmaaddawy and Soudki [48] developed a model 
to predict time for corrosion to initiate cracks. Alonso et al. [49] studied the factors 
affecting cracking of concrete caused by reinforcement corrosion, the results show that 
corrosion rate and concrete quality do not affect the corrosion loss required to initiate a 
crack because the tensile stress that causes the concrete crack depends on the accumulation 
of corrosion products around the reinforcement. After crack initiation, both the corrosion 
rate and concrete quality affects the crack growth. Research results of Alonso show that 
concrete cover to bar diameter ratio is an important factor in crack initiation according to 
Equation 4.4: 
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X = 7.53 + 9.32 C/ Ø                                                                                                       (4.4) 
 where X is the corrosion loss to initiate a crack at the concrete surface in μm; C is 
concrete cover in inches, and  Ø is the bar diameter in inches. 
The approach proposed in [49] was used in this study to determine whether the 
crack initiated at the end of the conditioning period. Using Equation 4.4, a (2 inches 
concrete cover and  0.875 inches rebar diameter) resulted in a 28.8 μm losses required to 
initiate cracks. The average corrosion loss at the eight locations was 13.4 μm/year. At the 
end of nine months test period, the estimated steel diameter loss was equal to 10 μm. 
According to this calculation, more corrosion is required to initiate cracks. Therefore, an 
additional test period is recommended. An estimate based on the available data is about 
two additional years of wet/dry cycling. 
4.4 WAVE VELOCITY MEASUREMENTS  
To assess the condition of the concrete within a structure, the variation in the wave 
velocity of concrete can be compared. The P-wave velocity for the concrete deck was 
measured using  a known thickness method (IE) and a direct measurements method (UPV) 
by using Equation 2.1 and 2.2 respectively.  
For the IE measurements, the impact source was a steel ball bearing placed at a 
distance of about 2 inches from an accelerometer used as a receiver. Time domain analysis 
was used to measure the time required for the wave to travel from the start of the impact to 
the arrival of the reflected wave using Equation 4.1: 
𝑡 =  
𝑑
𝐶𝑝
                                                                                                        (4.1) 
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where 𝑡  is the time required for the wave to travel from the impact source to the reflecting 
interface; 𝑑 is the round trip travel distance (2 times the slab thickness); and 𝐶𝑝 is the wave 
velocity [50].  
The propagation wave velocity 𝐶𝑝 for concrete was in the range of 11,480 to 14,760 
ft/s (3,500 to 4,500 m/s) [34], the minimum and maximum wave travel time was estimated 
using Equation 4.1 to be equal to 90 and 116 µs respectively. An example of a time domain 
wave is presented in Figure 4.9, the waveform has a periodic pattern due to the multiple 
reflections of the p-wave between the top and bottom of the slab. The travel time was 
estimated from the waveform to be 110 µs. Time domain analysis is time consuming and 
requires  experience to properly identify the arrival time of the wave. Therefore, the fast 
Fourier transform is generally used to transfer the data from the time domain to the 
frequency domain. The typical response from an IE test may be characterized by the 
resonant peaks that correspond to multiple p-wave reflections. Figure 4.10 shows an 
example of a wave in the frequency domain. 
The direct measurement method (UPV) and known thickness method (IE) testing 
were conducted starting from January 2017 and repeated periodically every two months to 
enable comparisons between wave velocity over time. At the end of the conditioning 
duration, September 2017, the frequency measurements were compared with the frequency 
readings conducted using the concrete thickness gauge (CTG-2) from Olson Instruments 
with the objective of verifying the measurements of the system used in this study. Table 
4.4 shows the differences in readings between the two systems. Additionally, in November 
2017, three to five measurements of IE and UPV were conducted at each grid point to 
observe the variation of the readings and compare it with previous measurements.  
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Frequency measurements as a function of time are presented in Figures 4.12, 4.15, 
4.18, 4.21, and 4.24. The variation between frequency measurements was 1.5% for points 
4, 5, 6; and 2% for points 17, 18, 19, 20, and 21, while all other testing points have less 
than these values. Figures 4.27, 4.28, and 4.29 show the variation of the fequencies of 
November measurements  and more details are shown in Table 4.5.  
Initially, the UPV measurements ranged from 9,528 ft/s to 11,701 ft/s (2,904 to 
3,566 m/s) with an average velocity of 10,535 ft/s (3,211 m/s) throughout the deck surface, 
while the wave velocity measurements using IE ranged from 10,460  to 12,213 ft/s (3,188 
to 3,723 m/s) with an average of 11,176 ft/s (3,406 m/s). The wave velocities measured 
using UPV and IE were consistent and indicate a good quality of concrete [31, 33]. The 
statistical analysis conducted by Yaman et al. [51] to appraise the similarity between direct 
and indirect ultrasonic wave velocity revealed that the direct and indirect measurements 
can be used interchangeably for evaluating the concrete properties.  
 From the recorded wave velocity measurements, it can be noticed that the 
measurements fluctuate. The maximum coefficient of variation based on the averages 
values of the UPV readings was between 2.5 to 4% for points 1, 5, 7, 9, 16, 17, 18, 19, 20, 
and 21; while the maximum coefficient of variation for the IE readings was 1.5% for points 
4, 5, 6 and 2% for points 17, 18, 19, 20, and 21; the other points have less than these values. 
Gassman and Tawheed [31] referred to an acceptable variation of the wave velocity in 
concrete to be approximately 2 to 2.5%. The 3% variation for point 1 may be attributed to 
the presence of sealing material and finishing layer on that area which may cause  signal 
distortion; the area of points 17 through 21 may have experienced some damage as the 
traces of salt can be prominently seen on the concrete deck surface; while there is no sign 
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of damage on the area of points 4, 5, 6, and 7. The variation of all other points indicates 
that no significant damage occurred during the conditioning period and the concrete 
integrity was unaffected by the accelerated corrosion process for that particular time of 
testing. The small variation of the wave velocity measurements can be attributed to many 
factors including, the concrete slab having areas with a rough surface and suffering from a 
significant gradation of the coarse aggregates, which results in difficulty attaching the 
transducer to the concrete surface. Other factors might be the different energy of the impact 
source at each time of testing and difficulties of attaching the transducer and the impact 
source at the same location each time. The wave velocity measurements for all test points 
during the time of testing using IE are shown in Figures 4.13, 4.16, 4.19, 4.22, and 4.25. 
UPV measurements are shown in Figures 4.14, 4.17, 4.20, 4.23, and 4.26, whereby some 
of the values for last measurements overlap, and these variations are presented in Figures 
4.30, 4.31, 4.32 and more details are shown in Table 4.6. 
The amplitude analysis for this study does not reveal decreasing or increasing 
trends over time. This might be due to the different energy of the impact source at each 
time of testing and due to signal dissipation because of the surface roughness and 
difficulties of attaching the accelerometer to the concrete deck. Table 4.7 provides the 
recorded amplitude and its variation. Research conducted by Yeih and Huang [52] to study 
the possibilities of using ultrasonic testing for evaluating corrosion damage found that as 
the accelerated corrosion process continued, the amplitude of the ultrasonic wave decayed 
(the amplitude attenuation percentage from 50-100%). Therefore, the amplitude 
attenuation was suggested for detection of corrosion in the reinforced concrete members. 
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Figure 4.9 Time-domain of waveform 
 
Figure 4.10 Frequency-domain spectrum 
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Table 4.4 Comparison between CTG-2 and data physics systems 
Point 
Frequency using 
CTG-2 (Hz) 
Frequency using 
Data physics (Hz) 
Differences 
(Hz) 
Variation 
(%) 
1 8744 8790 46 0.37 
2 8123 8140 17 0.14 
3 8300 8360 60 0.50 
4 7945 8000 55 0.48 
5 8300 8300 none none 
6 8034 7950 -84 0.74 
7 8567 8630 63 0.51 
8 8356 8530 174 1.45 
9 8078 8050 -28 0.24 
10 8034 7890 -144 1.27 
11 8034 7990 -44 0.38 
12 8256 8360 104 0.88 
13 7990 7990 none        none 
14 8922 8990 68 0.53 
15 8389 8360 -29 0.24 
16 8034 8010 -24 0.21 
17 8212 8180 -32 0.27 
18 8123 7950 -173 1.52 
19 8078 8430 352 3.01 
20 8478 8460 -18 0.15 
21 8966 8800 -166 1.32 
 
Figure 4.11 UPV and IE testing grid points (repeated for convenience) 
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Figure 4.12 Frequency measurements for points (1-4) 
 
Figure 4.13 IE wave velocity for points (1-4) 
 
Figure 4.14 UPV measurements for points (1-4) 
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Figure 4.15 Frequency measurements for points (5-8) 
 
Figure 4.16 IE wave velocity for points (5-8) 
 
Figure 4.17 UPV measurements for points (5-8) 
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Figure 4.18 Frequency measurements for points (9-12) 
 
Figure 4.19 IE wave velocity for points (9-12) 
 
Figure 4.20 UPV measurements for points (9-12) 
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Figure 4.21 Frequency measurements for points (13-16) 
 
Figure 4.22 IE wave velocity for points (13-16) 
 
Figure 4.23 UPV measurements for points (13-16) 
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Figure 4.24 Frequency measurements for points (17-21) 
 
Figure 4.25 IE wave velocity for points (17-21) 
 
Figure 4.26 UPV measurements for points (17-21) 
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Figure 4.27 Variation of IE frequency measurements for points (1-7) 
 
Figure 4.28 Variation of IE frequency measurements for points (8-14) 
 
Figure 4.29 Variation of IE frequency measurements for points (15-21) 
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Figure 4.30 Variation of UPV measurements for points (1-7) 
 
Figure 4.31 Variation of UPV measurements for points (8-14) 
 
Figure 4.32 Variation of UPV measurements for points (15-21) 
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Table 4.5 Variation of IE frequency measurements (November 2017) 
Point Frequency readings (Hz) Average (Hz) Standard deviation (Hz) Coefficient of variation (%) 
1 
8740 
8840 
8840 
8910 
8890 
8844 65.8 0.74 
2 
8160 
8180 
8210 
8180 
8180 
8128 17.8 0.21 
3 
8320 
8340 
8390 
8340 
8450 
8368 52.6 0.62 
4 
7800 
8001 
7750 
7950 
8000 
7900 117 1.40 
5 
8130 
8200 
8210 
8000 
8050 
8118 92 1.10 
6 
 
7700 
7900 
7850 
7930 
7750 
7826 98 1.20 
7 
8430 
8610 
8410 
8580 
8560 
8518 91 1.07 
8 
8310 
8470 
8380 
8480 
8500 
8428 80 0.90 
9 
8140 
8100 
8090 
8140 
8040 
8102 41 0.50 
10 
7900 
7800 
7850 
7700 
7840 
7818 74 0.90 
11 
7780 
7940 
8003 
7950 
7900 
7914 83 1.05 
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12 
8360 
8350 
8380 
8360 
8360 
8362 10.9 0.13 
13 
7900 
7800 
7950 
7750 
8000 
7880 103 1.30 
14 
8860 
8850 
8850 
8850 
8880 
8858 13 0.14 
15 
8260 
8250 
8300 
8250 
8290 
8270 23 0.20 
16 
7990 
7880 
8050 
7950 
8000 
7974 63 0.70 
17 
8130 
8009 
7900 
7880 
8100 
8003 113 1.40 
18 
7950 
7880 
7890 
7900 
7880 
7900 29 0.30 
19 
8460 
8400 
8300 
8200 
8250 
8322 106 1.20 
20 
8300 
8250 
8100 
8150 
8200 
8200 79 0.90 
21 
8950 
8800 
8960 
8890 
8790 
8878 80 0.90 
Average 8222 8219 68.5 0.80 
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Table 4.6 Variation of UPV measurements ( November 2017) 
Point UPV readings (ft./sec) Average (ft./sec.) Standard deviation (ft./sec.) Coefficient of variation (%) 
1 
11111 
10929 
11020 128 1.10 
2 
11111 
10582 
11300 
11111 
11026 308 2.80 
3 
10753 
10417 
10256 
10256 
10420 233 2.24 
4 
10753 
10417 
10101 
10256 
10382 278 2.60 
5 
10417 
10256 
10256 
10417 
10382 92 0.89 
6 
9390 
9662 
9662 
9524 
9524 
9552 114 1.19 
7 
11111 
11494 
11111 
10753 
10582 
11010 355 3.20 
8 
11300 
11111 
11111 
11174 108 0.96 
9 
10256 
10101 
10256 
10256 
10218 77 0.75 
10 
10582 
10417 
10101 
10101 
10300 239 2.30 
11 
10256 
10582 
10417 
10582 
10459 156 1.40 
12 
10256 
10582 
10582 
10256 
10419 187 1.80 
13 
10417 
9950 
10101 
10101 
9950 
10104 190 1.80 
14 
11696 
11494 
10929 
11373 397 3.40 
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15 
10417 
10256 
10337 113 1.09 
16 
9950 
10101 
10101 
9804 
9989 142 1.40 
17 
10417 
10256 
10753 
10475 253 2.40 
18 
10417 
10256 
10101 
10417 
10298 151 1.40 
19 
10417 
10582 
10256 
10256 
10378 155 1.50 
20 
9950 
10101 
9662 
10256 
9992 253 2.50 
21 
10256 
10582 
10417 
10582 
10459 156 1.40 
Average 10422 10465 195 1.81 
 
1 ft/s = 0.3048 m/s 
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Table 4.7 Signal  amplitude (mV) 
 
 
4.5 CONCLUSIONS 
A bridge deck specimen was subjected to an accelerated corrosion environment in a 
laboratory setting to accelerate the corrosion process. The following conclusions are based 
on the results obtained from this work: 
1- HCP results indicate that the corrosion occurred after 45 days of conditioning and 
a high level of corrosion was reached at the end of the test.  
2- Linear polarization resistance data complement HCP data to assess corrosion. Rp 
values were used to calculate the corrosion current, corrosion current density, and 
corrosion rate.  
3- The average of corrosion losses for the test locations is estimated to be 10 μm and 
the losses required for crack initiation according to cover to diameter (c/ø)  ratio is 
estimated to be 28 μm. 
Point 1/23/2017 3/24/2017 5/15/2017 7/13/2017 9/15/2017 Average (mV)
Standard 
deviation (mV)
Cofficient 
ofvariation (%)
Attenuation (%)
1 0.97 1.31 0.25 2.06 1.48 1.21 0.67 55.2 52.7
2 0.74 1.07 1.98 0.62 1.30 1.14 0.54 47.2 75.2
3 1.42 0.42 0.73 0.06 4.18 1.36 1.65 121 194
4 1.21 1.82 1.61 1.43 1.13 1.44 0.28 19.7 -6.61
5 2.40 1.09 1.73 1.07 1.77 1.61 0.55 34.3 -26.3
6 0.90 3.17 1.49 1.81 2.12 1.90 0.84 44.3 135
7 1.40 0.95 1.53 1.14 2.37 1.48 0.55 37.1 69.3
8 0.94 2.29 4.41 0.43 0.22 1.66 1.74 105 -76.5
9 0.72 0.99 0.97 3.33 4.16 2.03 1.59 78.4 480
10 0.73 2.11 0.63 2.37 3.24 1.82 1.12 61.6 344
11 2.00 1.56 2.40 1.27 2.04 1.85 0.44 23.8 2.00
12 5.32 5.90 6.10 5.90 5.70 5.78 0.30 5.11 7.14
13 3.47 1.29 0.13 2.30 1.22 1.68 1.26 74.9 -64.8
14 1.20 0.31 1.69 2.26 2.41 1.57 0.86 54.4 101
15 0.59 1.05 0.42 1.51 1.20 0.96 0.44 46.5 102
16 1.85 1.49 1.29 3.87 3.64 2.43 1.23 50.7 96.8
17 1.26 2.31 0.38 0.67 1.10 1.14 0.74 64.5 -12.7
18 0.90 1.86 0.50 1.86 2.59 1.54 0.84 54.4 188
19 2.60 2.29 1.55 1.58 5.15 2.63 1.48 56.1 98.1
20 1.34 3.49 2.60 4.07 6.98 3.70 2.10 56.9 421
21 0.96 0.76 1.13 1.09 1.60 1.11 0.31 28.0 66.0
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4-  IE and UPV were successfuly utilized to detect a damaged area that has 4% wave 
velocity variation and has obvious evidence of damage.  
5- The small variation of the wave velocity measurements indicates that no significant 
damage occurred to the concrete slab during the conditioning period and the 
concrete integrity was unaffected by the accelerated corrosion process for that 
particular time of testing. 
6- Due to the deck surface roughness, other measurements that do not require direct 
contact with the concrete surface are recommended to complete the diagnosis. 
Alternately, the deck should be ground flat in the area of interrogation. 
7- The test period was significant to accelerate the corrosion process but did not cause  
cover cracking. Thus, a longer testing period is recommended. A reasonable 
estimate based on the available data is about two additional years of wet/dry 
cycling. An alternative approach would be to utilize  impressed current to accelerate 
the corrosion process. 
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APPENDIX A – NONDESTRUCTIVE EVALUATION OF TWO 
BRIDGE DECK SPECIMEN, UNIVERSITY OF SOUTH CAROLINA
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EXECUTIVE SUMMARY 
 
On July 19, 2016, BDI and Infrasense performed a thorough visual inspection, acoustic 
hammer sounding, ground penetrating radar (GPR), half- cell potential (HCP), and impact 
echo testing on two bridge deck specimen for the University of South Carolina (USC).  
Preliminary conclusions include: 
1. Aside from remaining bituminous overlay, the initial visual inspection indicates that 
the elevated slab is in good condition. 
2. Analysis of the ground penetrating radar data indicates good reflective 
characteristics from almost all areas, indicating a relatively small amount of 
reinforcing steel deterioration. 
3. Analysis of the half‐cell potential results indicate that there is little to no active 
corrosion ongoing in the specimen. 
4. Analyses of the Impact Echo results indicate the presence of several localized 
delaminations that were confirmed by acoustic sounding.  These areas are most likely 
from bituminous deboning. 
5. Analysis of the Infrared Thermography indicate the presence of several localized 
surface delamination’s, most likely synonymous with bituminous overlay deboning. 
Introduction and Background 
The two specimen are from a South Carolina bridge believed to have been constructed in 
or around 1953.  They are both currently stored, and were tested, in the USC Structures 
and Materials Research Laboratory.  Both slabs are approximately 14’-11” in length, 5’-
5” in width, and 8” in depth (Figure 1).  Both had a layer of bituminous overlay; slab 1 
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with between 0.5 and 1 inch of overlay and Slab 2 with 4 inches of overlay.  The majority 
of the overlays had been removed prior to testing.  At the time of this report, it is thought 
that neither slab was exposed to deicing salts during its service life and that the average 
daily truck traffic (ADTT) was also reported as low.  For these reasons, both slabs were 
anticipated to be in relatively good condition prior to testing. 
The corrosion process in concrete is an electrochemical reaction that occurs on 
a molecular basis. The process begins when steel is placed into the electrolytic concrete 
material. During this initial reaction, a layer of positive ions forms on the surface of the 
steel to create a passive protection from the surrounding material. In concrete material 
with a high concentration of chloride, a process occurs that draws the negative chloride 
ions to the positive charge of the passive layer. This process forms a half-cell in which 
a constant flow of electrons occurs. As the steel begins to go through the stages of 
corrosion, a layer of oxidized material, rust, forms around the steel. Because Iron Oxide 
has a larger cross section than the original steel reinforcement, tensile forces develop 
in the surrounding concrete and the concrete cracks. As these cracks coalesce, large areas 
of horizontal delaminations occur that eventually spall. This entire process can be 
measured using a variety of nondestructive testing (NDT) techniques (Figure 2). 
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Figure 1 Left to Right – Slab 1 and Slab 2; Origin (Test Point A1 at Upper Left Hand 
Corner of Both Slabs). 
 
 
Figure 2  NDT to Identify Varying Concrete Conditions 
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Testing Activities and Results 
 
Overview 
 
On July 19, 2016, BDI and Infrasense (BDII) performed a thorough visual 
inspection, acoustic hammer sounding, ground penetrating radar (GPR), half- cell potential 
(HCP), infrared thermography, and impact echo testing on two bridge deck specimen for 
the University of South Carolina (USC).   
Visual Inspection and Acoustic Testing 
BDII performed a thorough visual inspection of the two concrete deck specimen. 
Aside from areas of leftover bituminous overlay, the visual inspection did not reveal any 
areas with significant degradation. To further validate visual inspections and to identify 
areas where delaminations of the concrete have occurred, acoustic testing using the 
hammer sounding technique was performed.  
Ground Penetrating Radar 
Ground penetrating radar operates by transmitting short pulses of electromagnetic energy 
into the pavement using an antenna attached to a survey vehicle. These pulses are reflected 
back to the antenna with an arrival time and amplitude that is related to the location and 
nature of dielectric discontinuities in the material (air/asphalt or asphalt/concrete, 
reinforcing steel, etc). The reflected energy is captured and may be displayed on an 
oscilloscope to form a series of pulses that are referred to as the radar signal. The signal 
contains a record of the properties and thicknesses of the layers within the deck, as shown 
schematically in Figure 3. 
Bridge deck deterioration can be inferred from changes in the dielectric properties 
and attenuation of the GPR signal in concrete (see Maser and Roddis, 1990; SHRP C-101, 
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ASTM D 6087-08). GPR was originally developed for overlaid decks, since access to the 
structural concrete surface via other traditional methods is limited. The concepts have been 
shown to work equally well on non-overlaid decks. The variation of the dielectric constant 
of the deck concrete is used as one measure of deterioration (Maser, 1990). The dielectric 
constant is a measure of density, chloride and moisture content, and large variations in the 
dielectric constant can indicate concrete scaling. Where there is an overlay, these variations 
can also indicate advanced stages of overlay debonding.  
  A vacuum theoretically has a dielectric permittivity of 0 and would allow a 
complete transfer of these waves, and a perfect conductor would have an infinite dielectric 
permittivity and cause a perfect reflection of the waves. Air and steel act similarly to 
these cases, respectively, and as a result, GPR can be used to identify steel 
reinforcement in structural concrete elements. Additionally, as the corrosion process 
occurs and iron oxide is formed, the dielectric properties of the material changes and 
the attenuation of the GPR signal is affected. The attenuation (loss of signal strength) of 
the radar signal, as measured from the top rebar reflection and/or the bottom of the deck, 
is used as a measure of concrete delamination. This is because contaminated and 
delaminated concrete will cause the GPR signal to dissipate and lose strength as it travels 
through the deck and reflects back from the rebar and the bottom. 
Ground Penetrating Radar (GPR) testing was performed to determine areas of relative 
levels of steel corrosion and areas of additional delamination activity. A GSSI 2.6 
GHz GSSI antenna was used to send electromagnetic microwaves through the 
concrete. A 1’ x 1’ grid was established for GPR, HCP, and IE testing and was performed 
on the top surface of the specimen (Figure 4). Analysis of GPR measurements indicate 
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relatively low levels of corrosion in both slabs (Figure 5).  
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Figure 3 Structure of the GPR Signal for Concrete Bridge Decks 
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Figure 4 Testing Grid 
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Figure 5 GPR Results for Slab 1 (left) and Slab 2 (right) 
 
Half-Cell Potential 
 
The nature  of  corrosion  in  structural  concrete  is an  exchange  of  energy  within 
different sections of the reinforcing steel. When a metal is put into an electrolyte, as when 
reinforcing steel is embedded into concrete, positive metal ions will resolve (oxidize). 
This produces a heavy concentration of electrons in the metal lattice and thus a heavy 
concentration of positive ions at the metal surface (originally a passive layer of protection). 
However, this concentration of positive ions attracts the negatively charged ions (anions) 
from the surrounding electrolytic material (in concrete, these negatively charged ions are 
typically Cl- and SO42- ions) and this forms a half-cell. The areas where there is a larger 
surplus of negative ions will have a higher probability of corrosion, and current will begin 
to flow from that area to areas with fewer electrons (this is the formation of a cathode). 
This is the process of corrosion with regards to steel reinforcement embedded in concrete. 
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Another excellent thing to identify is that the combination of steel and concrete is a 
viable construction material of proven durability. In the normally alkaline environment, 
the passive layer that forms on the surface of the reinforcing steel acts as a protective 
barrier for the reinforcing steel. The mechanism that causes the corrosion in the 
reinforcing steel is a complex reaction between the protective oxide layer and any ions, 
typically Cl-, as mentioned above. Essentially, the protective layer, in the presence of 
chloride ions, is transformed into FE (OH2), or rust.  Figure 6  presents a general 
illustration of this concept. 
As the corrosion continues and the reinforcing steel loses cross section, an air void forms 
between the concrete and the steel (i.e. the bond between the reinforcing steel and 
the concrete is lost). As this happens, the remaining steel also begins to expand and 
induces tensile forces into the concrete matrix. Because concrete has a relatively low 
tensile strength, this causes the concrete to crack. At first, with small levels of steel 
corrosion and expansion, the cracks are in the form of microcracks within the concrete 
matrix itself. However, as the corrosion process continues and the reinforcing steel loses 
more cross section, these cracks coalesce and eventually form horizontal cracks that 
are parallel to the concrete surface (delaminations). Eventually these delaminations 
will grow to the surface and cause concrete spalls. Essentially, the rust product formed 
during the corrosion process occupies a much greater volume than the original steel 
member, tensile stresses are exerted into the surrounding concrete, and the concrete 
cracks, delaminates, and given enough time spalls (Figure 7). 
As this process of corrosion and eventually spalling occurs, the processes that cause the 
phenomena can be measured and monitored. A high concentration of ions in a material 
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cause the material to be highly conductive and indicate the presence of a half-cell. The 
presence of a large half-cell, which would correspond to high probability of corrosive 
activity is indicated by a large negative current being present. This current can be 
measured using the half-cell potential (HCP) method (ASTM C876-09). 
HCP testing was performed on the same 1’x1’ grid as the GPR. HCP measurements 
indicate the level of probability of corrosion in accordance with the values presented 
in Table 1. Figure 8 presents a graphical representation of the areas corresponding 
to varying levels of corrosive activity as indicated by their HCP measurement value and 
Table 1. Analysis of Figure 8 indicates that little to no active corrosion is ongoing in 
the specimen, and the areas that do show active corrosion potential are localized.   Table 
2 presents measured results for the HCP tests. 
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Figure 6  Process of Corrosion in Structural Concrete. 
 
 
Figure 7 Corrosion in Structural Concrete Leads to Cracks and Eventual Spalling. 
 
Table 1 Probability of Corrosion Based on HCP Measurements 
HCP Measurement (Volts) Corrosion Activity 
> -0.200 90% probability of no corrosion 
Between -0.200 and -0.350 Increasing probability of corrosion 
< -0.350 90% probability of corrosion 
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Table 1(a) –HCP Measurements (Slab 1) 
 
 A B C D E E.5 
1 -0.001 -0.093 -0.07 -0.069 -0.115 -0.081 
2 -0.107 -0.103 -0.018 -0.09 -0.097 -0.049 
3 -0.064 -0.065 -0.089 -0.112 -0.083 -0.053 
4 -0.086 -0.102 -0.095 -0.074 -0.087 -0.051 
5 -0.102 -0.125 -0.089 -0.093 -0.072 -0.06 
6 -0.102 -0.135 -0.084 -0.083 -0.057 -0.065 
7 -0.132 -0.149 -0.101 -0.085 -0.081 -0.06 
8 -0.098 -0.147 -0.092 -0.087 -0.101 -0.055 
9 -0.096 -0.139 -0.096 -0.08 -0.07 -0.045 
10 -0.113 -0.146 -0.101 -0.053 -0.066 -0.054 
11 -0.103 -0.134 -0.083 -0.036 -0.06 -0.052 
12 -0.12 -0.123 -0.073 -0.067 -0.009 -0.001 
13 -0.073 -0.13 -0.088 -0.069 -0.064 -0.075 
14 -0.074 -0.076 -0.091 -0.081 -0.068 -0.073 
15 -0.091 -0.105 -0.083 -0.068 -0.08 -0.044 
 
 
Table 1(b) –HCP Measurements (Slab 2) 
 
 A B C D E E.5 
1 -0.066 -0.048 -0.036 -0.071 -0.068 -0.071 
2 -0.063 -0.076 -0.061 -0.083 -0.069 -0.007 
3 -0.044 -0.032 0.016 0.053 0.084 -0.02 
4 0.019 0.007 -0.022 0.038 -0.048 -0.047 
5 -0.008 -0.004 0.088 0.08 -0.036 -0.035 
6 -0.002 0.116 -0.017 -0.07 -0.061 -0.061 
7 -0.01 0.098 -0.02 -0.026 -0.093 -0.093 
8 0.098 0.083 -0.022 -0.059 -0.094 -0.069 
9 0.061 -0.014 -0.048 -0.055 -0.045 -0.039 
10 0.016 -0.001 -0.025 -0.044 -0.029 -0.053 
11 -0.005 -0.033 -0.043 -0.049 0.019 -0.037 
12 -0.043 -0.019 -0.035 -0.048 -0.055 -0.061 
13 -0.083 -0.07 -0.025 -0.055 -0.054 -0.046 
14 -0.066 -0.037 -0.033 -0.035 -0.013 -0.044 
15 -0.089 -0.08 -0.072 -0.069 -0.075 -0.052 
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Figure 8 – Half-Cell Potential Measurements for Slab 1 (left) and Slab 2 (right) 
Impact Echo Testing 
 
Impact-echo is an ultrasonic method that involves impacting the structure and measuring 
the dynamic response. For concrete slabs and walls, the elastic wave travels from the front 
surface to the back surface, reflects off the back surface back to the front surface, and 
continues this reverberation pattern as shown in Figure 9. The equipment used to make this 
measurement measures the resonant frequency.  This resonant frequency, referred to as the 
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"thickness resonance", is directly related to the concrete velocity and thickness according 
to Equation 1:  
 
𝑉𝑝 = 𝑓𝜆      (Eq. 1) 
 
where:  Vp = Compression wave velocity of the material, 
  f = Measured frequency, and 
   = Wavelength or double the depth (2L). 
 
The impact echo testing was carried out according to ASTM C1383-04 using an Olson 
Instruments NDE-360 unit on the testing grid presented in Figure 10. 
The impact-echo test provides a resonant frequency associated with the thickness of the 
deck slab. If the slab is intact, the thickness data is clear, and should correspond with the 
expected slab thickness. If the slab is delaminated, the thickness data is unclear and 
generally does not correspond to the thickness of the slab. Figure 10 provides example data 
from both sound and delamination locations. Note that the thickness scale on these plots is 
in feet. The thickness in plot (a) corresponds to the expected thickness (sound), where the 
thickness in plot (b) is very different (delaminated). The impact-echo results are presented 
in Figure 11 and Table 2. 
Analysis, specifically for Slab 2, resulted in several test points with values larger than the 
thickness of the slab.  These values correspond to a very low frequency measurement.  In 
these instances, Equation 1 does not hold true as the dominant frequency measured is no 
longer that of the elastic wave reverberating through the thickness of the slab.  Instead, the 
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frequency measured is synonymous with the flexural mode of a thin layer (delamination or 
debonding) near the surface. For this reason, these values should be interpreted as a shallow 
delamination or debonding rather than a much thicker slab. Values presented in Table 2 are 
consistent with this theory. 
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       (a) Measurement Principle (b) Resulting Frequency Spectrum 
Figure 9 – Impact-Echo Method 
 
 
 
 
 
Figure 10(a) – Sample Impact-Echo Data Showing Expected Thickness (sound) 
 
 
 
 
Figure 10(b) – Sample Impact-Echo Data Showing Delamination/ Overlay Debonding 
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Figure 11 – Impact Echo Results for Slab 1 (left) and Slab 
2 (right) 
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Table 2 – Impact Echo Results for Slab 1 (left) and Slab 2 (right) 
 
  
Slab	1
Offset Station IE	test	#
Resonant	
Frequency	(Hz) Thickness	(ft) Thickness	(in)
A 1 1 4981 1.0 Shallow
B 1 2 7910 0.6 7.7
C 1 3 8203 0.6 7.4
D 1 4 8008 0.6 7.6
E 1 5 7227 0.7 8.4
A 2 6 9570 0.5 6.4
B 2 7 8106 0.6 7.5
C 2 8 7813 0.6 7.8
D 2 9 7324 0.7 8.3
E 2 10 7129 0.7 8.5
A 3 11 8203 0.6 7.4
B 3 12 7813 0.6 7.8
C 3 13 7715 0.7 7.9
D 3 14 7324 0.7 8.3
E 3 15 6836 0.7 8.9
A 4 16 7910 0.6 7.7
B 4 17 7617 0.7 8.0
C 4 18 7617 0.7 8.0
D 4 19 7422 0.7 8.2
E 4 20 6934 0.7 8.8
A 5 21 7715 0.7 7.9
B 5 22 7324 0.7 8.3
C 5 23 7031 0.7 8.7
D 5 24 7031 0.7 8.7
E 5 25 6836 0.7 8.9
A 6 26 7813 0.6 7.8
B 6 27 7324 0.7 8.3
C 6 28 7324 0.7 8.3
D 6 29 7324 0.7 8.3
E 6 30 7520 0.7 8.1
A 7 31 7617 0.7 8.0
B 7 32 7227 0.7 8.4
C 7 33 7227 0.7 8.4
D 7 34 7324 0.7 8.3
E 7 35 7129 0.7 8.5
A 8 36 7617 0.7 8.0
B 8 37 7227 0.7 8.4
C 8 38 7227 0.7 8.4
D 8 39 7422 0.7 8.2
E 8 40 7129 0.7 8.5
A 9 41 7813 0.6 7.8
B 9 42 7520 0.7 8.1
C 9 43 7324 0.7 8.3
D 9 44 7813 0.6 7.8
E 9 45 8008 0.6 7.6
A 10 46 7617 0.7 8.0
B 10 47 7422 0.7 8.2
C 10 48 7422 0.7 8.2
D 10 49 7910 0.6 7.7
E 10 50 7715 0.7 7.9
A 11 51 7715 0.7 7.9
B 11 52 7520 0.7 8.1
C 11 53 7617 0.7 8.0
D 11 54 7910 0.6 7.7
E 11 55 7910 0.6 7.7
A 12 56 7813 0.6 7.8
B 12 57 7715 0.7 7.9
C 12 58 7813 0.6 7.8
D 12 59 8008 0.6 7.6
E 12 60 8203 0.6 7.4
A 13 61 7910 0.6 7.7
B 13 62 7813 0.6 7.8
C 13 63 8008 0.6 7.6
D 13 64 8301 0.6 7.3
E 13 65 8008 0.6 7.6
A 14 66 8106 0.6 7.5
B 14 67 8203 0.6 7.4
C 14 68 8301 0.6 7.3
D 14 69 8203 0.6 7.4
E 14 70 8008 0.6 7.6
Slab	2
Offset Station IE	test	#
Resonant	
Frequency	(Hz) Thickness	(ft) Thickness	(in)
A 1 71 8984 0.6 6.9
B 1 72 8008 0.6 7.7
C 1 73 8203 0.6 7.5
D 1 74 5176 1.0 Shallow
E 1 75 5664 0.9 Shallow
A 2 76 2344 2.2 Shallow
B 2 77 4590 1.1 Shallow
C 2 78 3711 1.4 Shallow
D 2 79 2344 2.2 Shallow
E 2 80 15723 0.3 3.9
A 3 81 2832 1.8 Shallow
B 3 82 2832 1.8 Shallow
C 3 83 8203 0.6 7.5
D 3 84 6738 0.8 Shallow
E 3 85 6055 0.8 Shallow
A 4 86 6934 0.7 8.9
B 4 87 4395 1.2 Shallow
C 4 88 7813 0.7 7.9
D 4 89 7617 0.7 8.1
E 4 90 7617 0.7 8.1
A 5 91 7422 0.7 8.3
B 5 92 8008 0.6 7.7
C 5 93 7227 0.7 8.5
D 5 94 7422 0.7 8.3
E 5 95 6738 0.8 Shallow
A 6 96 9180 0.6 6.7
B 6 97 7617 0.7 8.1
C 6 98 7910 0.7 7.8
D 6 99 8008 0.6 7.7
E 6 100 7715 0.7 8.0
A 7 101 7813 0.7 7.9
B 7 102 8008 0.6 7.7
C 7 103 8203 0.6 7.5
D 7 104 8008 0.6 7.7
E 7 105 5859 0.9 Shallow
A 8 106 8008 0.6 7.7
B 8 107 8008 0.6 7.7
C 8 108 8008 0.6 7.7
D 8 109 8203 0.6 7.5
E 8 110 7813 0.7 7.9
A 9 111 8008 0.6 7.7
B 9 112 8008 0.6 7.7
C 9 113 7813 0.7 7.9
D 9 114 8008 0.6 7.7
E 9 115 7422 0.7 8.3
A 10 116 6836 0.8 Shallow
B 10 117 8106 0.6 7.6
C 10 118 8106 0.6 7.6
D 10 119 8203 0.6 7.5
E 10 120 8203 0.6 7.5
A 11 121 6445 0.8 Shallow
B 11 122 8008 0.6 7.7
C 11 123 7715 0.7 8.0
D 11 124 7910 0.7 7.8
E 11 125 7422 0.7 8.3
A 12 126 4492 1.1 Shallow
B 12 127 8106 0.6 7.6
C 12 128 7227 0.7 8.5
D 12 129 12598 0.4 4.9
E 12 130 9375 0.5 6.6
A 13 131 6641 0.8 Shallow
B 13 132 6934 0.7 8.9
C 13 133 4492 1.1 Shallow
D 13 134 10449 0.5 5.9
E 13 135 8984 0.6 6.9
A 14 136 5078 1.0 Shallow
B 14 137 4395 1.2 Shallow
C 14 138 3027 1.7 Shallow
D 14 139 3027 1.7 Shallow
E 14 140 8203 0.6 7.5
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Infrared Thermography 
 
The Infrared Thermography testing was carried out according to ASTM D 4788 – 03 
(2013) using a 640 x 480 pixel FLIR Systems Model A-655sc infrared camera and a high 
resolution visual camera. A photo of the infrared data collection setup is presented in 
Figures 12 and 13. Data was collected at approximately 11am and 3pm EDT, ensuring 
maximum temperature differentials caused by delamination.  
The infrared data was reviewed simultaneously with the video data to differentiate 
delaminated areas from surface features (discoloration, oil stains, sand and rust deposits, 
etc.) that appear in the infrared, but are unrelated to subsurface conditions.  Figures 12 and 
13 show the infrared and visual data for Slabs 1 and 2 respectively. The images show that 
most, if not all of the thermal anomalies have a corresponding condition on the visual 
images (debris, remaining binder, staining, etc.). The darker the color of the deck surface, 
the higher the emissivity and corresponding surface temperature. Therefore, areas of the 
slabs where the binder/ overlay were not fully removed are relatively higher temperature 
than areas of bare concrete.  
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Figure 12 Infrared Thermography Results for Slab 1 
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Figure 13  Infrared Thermography Results for Slab 2 
 
Conclusions and Recommendations 
 
On July 19, 2016, BDI and Infrasense performed a thorough visual inspection, acoustic 
hammer sounding, ground penetrating radar (GPR), half- cell potential (HCP), infrared 
thermography, and impact echo testing on two bridge deck specimen for the University 
of South Carolina (USC).  Preliminary conclusions include: 
1. Aside from remaining bituminous overlay, the initial visual inspection indicates 
that the elevated slab is in good condition. 
2. Analysis of the ground penetrating radar data indicates good reflective 
characteristics from almost all areas, indicating a relatively small amount of 
reinforcing steel deterioration. 
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3. Analysis of the half‐cell potential results indicate that there is little to no active 
corrosion ongoing in the specimen. 
4. Analyses of the impact echo results indicate the presence of localized 
delaminations, some of which were confirmed by acoustic sounding.  These areas are 
most likely from bituminous debonding. 
5. Analysis of the infrared thermography indicate the presence of some localized 
delaminations/ overlay debonding, but most thermal anomalies can be attributed to 
surface conditions 
Both concrete specimen indicated very little corrosion probability and/or delamination 
due to cross section loss of the reinforcing steel.  Some debonding of the bituminous 
overlay was found.  However, this debonding is most likely not natural in occurrence, 
but due to the removal of the overlay for testing.   
As the specimen are both in good condition, it is recommended that accelerated condition 
protocols be implemented to induce corrosion on the reinforcing steel.  After corrosion 
has been induced, multiple additional rounds of nondestructive testing should be 
performed to show the value of the tests as a function of deterioration.  Existing tests 
should be used as a set of baseline measurements that can be compared to future, 
additional tests that should be performed after the induced corrosion. 
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